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Multi-Layer Highly Reflective Ohmic Contacts For Semiconductor Devices 

Field of the Invention 
This invention relates to electrical contacts on optoelectronic devices such as 
light-emitting diodes (LEDs). 

Background 

Optoelectronic devices such as light-emitting diodes (LEDs) emit light in 
response to an excitation signal. A typical LED is a heterostructure that has been 
deposited on a host substrate via a growth technique such as liquid phase, hydride phase, 
molecular beam, and metal-organic phase epitaxy. The heterostructure includes n and p- 
type semiconductor layers that sandwich active light producing layers. Electrical 
contacts are attached to the n and p-type semiconductor layers. When a forward voltage 
is applied across the contacts, electrons and holes are injected from the n and p-type 
semiconductor layers into the active region. Light is produced when the electrons and 
holes radiatively recombine in the active layer(s). 

Wall-plug efficiency is the amount of light power produced compared to the 
electrical power applied. High wall-plug efficiency can be achieved by maximizing the 
total efficiency of the device. The total efficiency of the device is a product of the 
various efficiencies of the device including the injection, internal quantum, and light 
extraction efficiencies. The first two parameters depend on the material quality of the 
device (epitaxial growth and electronic band structure) while the light extraction 
efficiency depends on the geometry and all the light absorption present in the device. 
The light extraction efficiency is the ratio of the amoxmt of light leaving the LED 
compared to the amount of light generated inside the LED. One way to increase the light 
extraction efficiency is to reduce the absorption and redirect light into useful (higher 
extraction) directions. Therefore, absorbing paths in the device should be avoided and 
light should be scattered into the proper escape cones of the device. The angle of the 
escape cones depend on the refraction indices of the light-producing semiconductor and 
the exiting medium, (e.g. for GaN into air the angle of the escape cone is 25°). The 
electrical contacts are one example of light absorption in a typical LED. Therefore, it is 
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preferable to reduce the absorption and for some devices also to increase the reflectance 
in these electrical contacts. This must be done without compromising the contact 
resistance. Resistance in the electrical contacts leads to wasted energy (electricity) thus 
lowering the wall-plug efficiency. 
5 Highly reflective ohmic contacts are desirable in LEDs. There are many prior art 

approaches to creating these types of contacts. The simplest way is to use a thick sheet of 
the ohmic contact metal. This thick sheet acts as a contact and reflector. A good 
reflector is one that absorbs less than 25% from an incident hemispherical isotropic light 
source. Therefore, isotropic light will lose less than 25% of its intensity after reflecting 

10 off of this medium (e.g. a maximum reflection of >75%). For the entire visible spectrum 
(400imi - 750nm), this leaves two metals that fit the requirement: Al and Ag. Other 
metals that work in only parts of the visible spectrum are Au, Rh, Cu, and Pd. Although 
a single thick sheet is preferred, these metals do not always make good ohmic contacts to 
the selected material system. There are additional reliability issues with the use of Ag 

15 because of electromigration, and Cu because it may diffuse into the light-producing 
active region thereby creating deep levels in some semiconductor materials hindering 
light output. 

One prior art approach, disclosed by Chai, et al. in U. S.P.N. 4,355,196, is to 
pattern the ohmic contact metal, and overlay the ohmic patterned metal with a reflective 

20 metal. Although Chai, et al. teaches a reflective contact with a solar cell device, the idea 
can be extended to all other optoelectronic devices including LEDs. This patterned 
contact is not advantageous when used on a device with semiconductor layers that do not 
spread current efficiently laterally (i.e. a low conductivity semiconductor such as p-GaN 
with a resistivity, p, greater than 0.5 Q-cm). The low conductivity semiconductor cannot 

25 spread current efficiently from the patterned contact; therefore electrical carriers wall not 
be injected uniformly into the active light-producing region of the device. Non-uniform 
injection reduces the wall-plug efficiency of the device. Also, patterning of the contacts 
adds additional complicated processing steps. Any non-uniformity of the pattern will be 
manifest in non-uniform current injection and light generation. For low conductivity 

30 semiconductor devices, the ohmic contact needs to be a uniform sheet. This type of 

approach is described by Aegenheister, et al. in EP0051 172, although not for reasons of 
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uniformly injecting in low conductivity semiconductor devices. It teaches using an Au/Ge 
(ratio 99: 1) ohmic layer that is 200A thick. Although this ohmic contact layer is thin for 
a long wavelength emitting device, this contact is too thick for a device emitting in the 
visible spectrum (i.e. at 505nm absorption -29%). Also, the overlaying reflective metal 
is Ag. Ag is known to electro-migrate (when used as a p-contact) in devices that operate 
with high electric fields in humid environment (accelerated) life tests, thus shorting out 
the device and rendering it useless. Therefore, electro-migrating electrical contacts are 
not useful in commercial LEDs. A multi-layer highly reflective ohmic contact is also 
described in P. M. Mensz et. al., Elec. Lett., 33, 2066-2068 (1997) where the contact is 
Ni/Al or Ni/Ag to p-GaN for a GaN based LED. This approach is also problematic 
because its operating forward voltage (Vf) is 5 V at 20mA (for a 300^m x 300)im contact 
area). This voltage is 1 .5-2.0 V too high for an GaN LED of that size, indicating that the 
contact is not ohmic and that specific contact resistance is too high. The additional 
contact resistance decreases the wall-plug efficiency of the LED device. 



Summary of the Invention 

A high performance, highly reflective ohmic contact, in the visible spectrum 
(400nm - 750nm) has the following multi-layer metal profile. First, a uniform ohmic 
contact material is deposited and optionally alloyed to the semiconductor surface. The 
5 ohmic contact material is thin (<200A) to reduce any absorption associated with it (below 
25%), but is thick enough to keep the specific contact resistance below 10'"^ Q-cm^. A 
low contact resistance ensures a low forward operating voltage and low resistive 
electrical losses. The maximum ohmic contact metal thickness will depend greatly on the 
type of reflector material to achieve a reflectivity of greater than 75%. A reflector layer 
10 selected from a group including Al, Cu, Au, Rh, Pd, Ag and any multi-layer 

combinations is deposited over the ohmic contact material. The appropriate reflector 
p layer yields a combined multi-layer contact reflectivity that has an absorptance, firom an 

2 incident hemispherically isotropic light source, of < 25% (reflectance > 75%) at the 

^ operating wavelength of the contacted device. Because the reflectivity of a metal 

yl 15 increases quickly and asymptotically with thickness the reflector layer should be greater 

than 500A to achieve the maximimi reflection. The thick reflector layer is also an 
^ excellent way to spread current uniformly across the device especially in low 

fll conductivity semiconductors with resistivity, p, greater than 0.5 Q-cm. Although Ag is 

?r= highly reflective, it electro-migrates in high electric fields and humid environments. 

# 20 Therefore, because of reliability issues, Ag is used only in the low operating electric field 
embodiments. 

In an alternate embodiment, a barrier layer interposes the ohmic and reflector 
layers to prevent any unwanted device-degrading inter-metallics created by ohmic and 
reflector layer diffiision. It is desirable to use a thin barrier metal (<100A) to keep any 
25 absorption associated with it below 25%. 
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Brief Description of the Drawings 



Figure 1 shows a cross-sectional view of an embodiment of the present invention. 

Figure 2 illustrates how the relationship between contact resistance and forward 
operating voltage versus the ohmic layer thickness for a p-GaN contact. 

Figure 3 shows the theoretical absorption per pass and forward operating voltage 
versus Au thickness for a p-GaN Au/NiO/Al contact. 

Figure 4 shows an alternate embodiment of the present invention. 

Figure 5 shows a vertical current LED structure. 

Figure 6 shows a lateral current LED structure. 



Detailed Description 



I The present invention is a multi-layer contact that cormst^^ multiple material 

layers providing high reflectivity, low specific contagt^egistance, and high reliability. 
Figure 1 shows a cross-sectional en^bodiment o&a semiconductor device 10 with a multi- 
5 layer contact 12. The multi-layer comaS^^mcludes an ohmic layer 12A and a reflective 
layer 12B. In combination, the o^JMC^d r^ot^e layers 12 A, 12B form a highly 
reflective ohmic electrical c^imct to the Semiconductor structure 11. Various 
optoelectronic semiconductor structures 1 l»can be used with the multi-layer reflective 
contact layers 12. 

10 Ohmic layer 12A is at least one l^yer that provides a good ohmic contact to the 

semiconductor 1 1 . A good ohmic ccWact has minimal voltage drop (linear I-V) across the 
semiconductor/metal interface when current flows across it. A figure of merit for 
contacts is their specific contaor resistance. The specific contact resistance varies greatly 
depending on the semiconductor and contact material, but a good ohmic contact should 
have a specific contact re^stance of less than 10""^ Q-cm^. The ohmic layer 12A, which 
may be optionally allo/ed to the semiconductor surface, is thin to minimize the 
absorption to less tlmi 25% of the light generated in the semiconductor device 10 while 
being thick enouM so that the specific contact resistance is less than 10' Q-cm . The 
composition ofohe ohmic layer 12A depends on the material system used for the 
20 semiconductor structure 1 1 . The thickness of the ohmic layer 12A depends upon on how 
the specifi/ contact resistance increases as the layers are thiimed. 

For a p-type GaN material system, the composition of the ohmic layer is selected 
from a group that includes Au, Ni, Pt, Pd, Ti, W, Cr/Au, Ni/Au, Au/NiO, Pt/Au, Pd/Au, 
Co/Au, Cu/Au, Ni/Pt, Ni/AuZn, Cr/AuZn, Ni/Cr/Au, Ni/Pt/Au, Pt/Ni/Au, Pd/Pt/Au, and 
25 TiAlNiAu. Figure 2 shows an example of how the contact resistance increases as the 
ohmic layer thickness is thinned for a p-GaN contact. The ohmic layer is Au/NiO and Al 
is the reflector layer. The Au is intermixed in the NiO layer. Various Au/NiO layer 
thickness are investigated and the forward operating voltage (Vf) at 20mA (contact area = 
250 jim X 350 \xm) and the barrier voltage (Vb) across the contact/p-GaN interface versus 
30 Au (NiO) thickness are measured. The Au/NiO contact are formed by oxidizing and 
annealing a bi-layer of Ni/Au (thickness ratio=2/l) in a humid N2/O2 (80%/20%) 
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atmosphere at elevated temperatures (greater than 575°C). This oxidation and anneal 
creates the ohmic layer of NiO intermixed with Au. After oxidation the Al is deposited 
(--ISOOA) and the contacts are patterned by photolithography and etching. The Vb 
measurement is performed by applying a voltage between two contacts to the p-GaN, 

5 measuring the current flow across the p-GaN and contact interfaces and extrapolating the 
linear high-current regime to the intercept (zero current). For the given contact area, a 
specific contact resistance of less than 10" ohm-cm has a Vb less than 50 mV. The Vf 
measurement is performed by attaching one of the voltage probes to the n-GaN layer and 
the other to the p-GaN contact and applying a voltage across them. For a GaN LED with 

10 low specific contact resistance the Vf at 20mA should be less than 3.5 V. Therefore the 
optimal thickness of Au (Ni) necessary for low specific contact resistance is -20-3 5 A 
(40-70A). 



For an n-type GaN system, the composition of the ohmic layer is selected from a 
m group that includes Ti, W, Ti/Al, TiW, W/Al, TiWAl, V, V/Al, and Pd. GaN LEDs with 

i 

ffl Vis^vf- Kf-pn f^hr\riiiP^A viplHino Vr= 0 V at '^SOmA with a 1000 y 1000 iim^ 
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15 Ti/Al (30A/15KA) multi-layer contacts to n-GaN, and p-GaN contacts of Au/NiO/Al 
have been fabricated yielding a Vf= 3.0 V at 350mA with a 1000 x 1000 fxm^ contact 
area. This Ti/Al contact has a reflectivity of 79%. 

For a p-type GaP system, the composition of the ohmic layer may include Au/Be, 
Au/Zn, Pd/Zn/Pd, Au/Mg, Ni/Au/Be, Ni/Au/Zn, Ni/Au/Mg, and In/Zn. For an n-type 
20 GaP system, the composition of the ohmic layer may include Au/Ge, Au/Ni, Au/Si, 
^ Au/Sn, Au/Te, In, In/Al, In/Sn, Ni/Si, Si/Pd, Pd/In, Ni/Ge/Au, Ni/Si/Au and Sn. For a p- 

type GaAs system, the composition of the ohmic layer may be Ti/Au, Ti/Pt/Au, Au/Zn, 
Au/Be, Au/Mg, Ni/Au, Ni/Au/Mg, Ni/Au/Be, Ti/Au/Be and In/Zn. For an n-type GaAs 
system, the composition of the ohmic layer may include Ge/Au, Ge/Au/Ni/Au, Au/Sn, 
25 Au/Te, In, In/Au, In/Ni, Pd/Ge, Sn/Ni, and Sn/Sb. For an n-type SiC, the composition of 
the ohmic layer may include Pd, Pt, Ai/Si, Ti, Au, Ni, Cr, Ti/Si, TaSi, and Si/Ni. 
\<P''*^ Reflective layer 12B is selected from a group that inclu^e^l, Cu, Rh, Au, Pd, 

^tD fyy' and Ag, alone and any combination. Ag is used in spe^iafcases because of electro- 

migration issues. Al does not electro^mgrate a^^verely as Ag and therefore can be used 
30 more reliably in reflective multi-layer\oi^3cts^Using Al as the reflector, the maximum 
ohmic layer thickness in the visibl^^iOn i^l50A rbr Rh, 200A for Cu, and lOOA for 



Au in order to achieve a reflectivity of greater than 75%. Ohifnc contact metals that are 
more absorbing need to be less than lOOA in the visibkTspectrum. The reflector layer is ■ 
greater than 5 00 A thick so that no light will pas^/through; thus maximum reflectivity is 
achieved. This layer not only acts'aa^^ reflector but it also will do most of the 
lateral current spreading, because of mp-mic^i^. This is beneficial because the ohmic 
layer 12A is typically too thin to-i§prea^bjjfent effectively on its ovra. Current spreading 



by a thick reflector layer .^^OOA) in opto^ctronic devices, has many benefits including 
low Vf (lower spreading resistance). Also, t^e reflector layer connects any discontinuity 
in the mulri^l^yer contact created by the surface roughness of the semiconductor structure 

10 surfac^^ ^ ^ 

The Au/NiO/Al contact is a multi-layer contact with high reflectivity. Figure 3 
shows the theoretical average absorption per pass (at 505nm), and Vf (at 20mA) for the p- 
GaN Au/NiO/Al contact. The Al thickness is kept constant at -1500A, and the deposited 
Ni/Au thickness is varied keeping a thickness ratio of 2/1 (before the oxidation and 

15 anneal). As the Au/NiO contact layer is thinned, the contact approaches the minimum 
one pass isotropic absorption (maximum reflection) of --13%. Also as shovm above, the 
Vf increases as the Ni/Au thickness is decreased because of the increase in specific 
contact resistance. This illustrates the trade-off between specific contact resistance and 
reflectivity. This optimization technique can be applied to determine the thinnest ohmic 

20 layer to maximize reflection while preserving low specific contact resistance in multi- 
layer contacts. Also, this optimization of the contact insures devices v^th high wall-plug 
efficiencies. 



Figure 4 illustrates an alternate embodiment of the multi-layer conta^^22 to a 
emiconductor device 20 with multiple contact layers 22A, 22B, and 22C A barrier 
metal layer 22B interposes the ohmic 22A and reflector layers^C The barrier layer 



22B is used to prevent diffusion of the^toiic layer 22 A into the reflector layer 22C, thus 
preventing the creation of any inter-metaUicsN3^pse inter-metallics could degrade the 
specific contact resistance and reflectivity x^tf-the c^taqtand thus the efficiency of the 
device. This is a reliability issue that^sh^oulo^^^ for long lasting devices. The 
30 barrier metal layer should be keptlhin, e.g. < l^OA, to minimize light absorption and 
should be as reflective as^o^ble to contribute to the reflectivity of the contact. Exact 



metals will vary depending on^m&*©him€22A and reflector layers 22C but some 
candidates include Ni, Co, NiO, h(^Cy^^^, Ti, TiW, WSi, WSi:N, TaSi, TaSi:N, 
InSnO or TiW:N. The contac)/22A a^d reflector 22 C layers provide the same function 
as described in the first enaroodiment. 



5 An example of a multi-layer contact as described in the alternative embodiment 

suitable for a p-GaN material system has Ni/Au as the ohmic layer 22 A, Rh as a barrier 
metal layer 22B, and Al as the reflector layer 22C. Just as in the Au/NiO/Al contact, the 
Au is preferably -20-3 5 A thick to make a good ohmic contact. The Rh is preferably -25- 
50A thick to separate the Au from the AL A GaN LED v^th a Ni/Au/Rh/Al 
10 (10A/30A/50A/2200A) p-GaN contact and a Ti/Al n-GaN contact has a Vf = 3.2 V at 
20mA for a 350 x 250 |am^ die. The reflectivity of this contact is 75%. 
\^ Figure 5 shows a vertical current LED structure. The multi-layer^contacfir 

Ct^^ V located on the bottom-side of a LED device 30 that has a conductiyp-stibstrate 35 so that 
contacts can be placed on opposing sides of the device crg^ifig vertical current 




y| 15 (perpendicular to the contacts) paths.^^e topc^jitdct 3 1 is either a small area contact or 
f^ a thin full sheet (not shown) to minimi^^^bsQr^ The top contact 31 is the electrical 

fy contact layer to the n or p-type^efmconmict^^ of the LED. The active light 

producing region 33 injer^es the top an¥ bottom n or p-type semiconductor layer(s) 32, 
34. Either of th^'inulti-layer contacts shown in Figure 1 or 4 may be used with an ohmic 
fij 20 contact 36, a reflector layer 38, and a barrier layer (for the alternative embodiment) 
37.^ 

In another configuration, the top contact 31, shown in Figure 5, is also a multi- 
layer contact as shovm in either Figure 1 and 4. 

The material with the greatest reflectivity in the visible region is Ag. Ag is 
25 known to electro-migrate (when used as a p-type contact) in devices that operate in 

humid environment (accelerated) life tests, thus shorting out the device and rendering it 
useless. For commercial LEDs, it is desirable to have devices that last for greater than 
10,000 hours. LEDs such as the vertical conducting structure (Figure 5) may operate at 
sufficiently low enough electric fields, therefore shorting due to Ag migration will not 
30 occur within this time frame. For example, AlInGaP based vertical current LEDs 

operating at low electric fields (E< 500 V/cm) and with contacts containing Ag are not 



9 



known to exhibit any Ag electro-migration effects. Under these low field conditions, Ag 
can be used in the reflector 38 and ohmic contact layer 36. 
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An alternate configuration for an LED device 40 with multi-layer contact^ 
shown in Figure 6. The contacts are attached on the same side of the dgjiieSrecause the 
substrate 41 is non-conductive to create a device that relies^Qn-Meral current (parallel to 
the contacts) to operate. This is m^e pbss4blg.^i'''g5^osing the lower conducting n or p- 
type layer 42 by etching. The active^^^p^b^g region 43 interposes the top and 
bottom n or p-type layer(sy4^>^J!!titn^ of the multi-layer contact shown in Figures 1 
and 4 may be used^ijil^ ohmic contacr layer 45,48, a reflector layer 47,50, and a 
barrigrJafer (for the alternative embodiment) 46,49. 

In Figure 6, the LED device 40 could consist of layers 42,43, and 44 that are 
materials such as GaN, InN, AIN, InGaN, AlGaN, AlInN, or InAlGaN that are grown on 
a sapphire substrate 41 . The semiconductor layers are contacted by either of the multi- 
layer contacts shown in Figures 1 and 4. For a GaN device, it is preferable to use 
Au/NiO/Al or Ni/Au/Rh/Al p-contacts and the Ti/Al n-contact. 
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